QCD sum rule study on the /o(980) structure as a pure KK bound state 
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We perform a QCD sum rule analysis for the scalar /o(980) meson to investigate whether it can 
be described as a pure bound state of K and K mesons. Based on the QCD sum rule with the 
operators of up to dimension 10 within the operator product expansion, we found that it is hard 
to treat the /o(980) as a simple KK bound state, which implies that the /o(980) scalar meson has 
more complicated structure being mixed states of various configurations. 
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The structure of the scalar meson nonet has been a 
long-standing puzzle in hadron physics. It is now widely 
accepted that the simplest picture, where the scalar 
mesons are described as orbital excitations of quark- 
antiquark pairs, is not compatible with the experimental 
observations on the decay modes and mass spectra 
This led to the idea that these scalar mesons are crypto- 
exotic tetraquark states [2[ , and there have been a lot of 
studies along this direction. Depending on the details of 
the structure of the tetraquark states, the scalar mesons 
are considered as diquark-antidiqtiark bound states [SUg , 
two- meson molecular states [9l-[l4| , or hybrid states [la] . 
(See also Ref. [3.) 

Among the low- lying scalar mesons, the /o(980) at- 
tracts much interests since the seminal work of Wein- 
stein and Isgur, which investigated the /n(980) as a KK 
molecular state In a recent work [l^, for exam- 
ple, the properties of the /o(980) were reanalyzed in a 
phenomenological Lagrangian approach assuming a pure 
KK bound state, and the calculated decay widths for 
/o(980) — >■ TTTT and /o(980) — >■ 77 were claimed to be con- 
sistent with the available data. In a recent work [l3 |. 
however, the scalar and isoscalar meson resonances are 
investigated in various channels of tttt scattering, which 
raised the possibility of the /o(980) as a pure rjrj bound 
state rejecting the pure KK structure. All these ambi- 
guities show that the structure of scalar mesons is non- 
trivial and more QCD-based approaches are required for 
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understanding the structure of scalar mesons. 

The QCD sum rule (QCDSR) approach is known to 
be one of the ways to investigate the hadron properties 
from QCD in a direct way |17| . This approach was used 
to study the diquark picture of scalar mesons @, and it 
was recently shown by one of us that the QCDSR does 
not support the picture of the /o (980) as a pure -qr] bound 
state [18|. In the present work, we construct the QCDSR 
for the /o(980) to test whether it can be described as 
a pure KK bound state. To this end, we obtain the 
QCDSR up to dimension d = 10 operators within the 
operator product expansion (OPE). 

The wave function of the /o(980) meson as a pure KK 
bound state is written generally as 

|/o(980)) = a\K+K~) + (1) 

With the following K meson interpolating currents, 

Jko = isj^d, Jj^a = id'y^s, (2) 

the interpolating current for the /o(980) in QCDSR ap- 
proach becomes 

= - [0(575?/) (u75s) /3(s75d)(J75s)] . (3) 

Then the vacuum expectation value of the time ordered 
product of the currents reads 



(0|T ix)jl (0)|0) = (0|T|a2 [sixh.uix]] Hxh^six)] [5(0)75^(0)] [S(0)75s(0)] 

+ 13^ [s{x)-izd{x)] Kx)75s(x)] [s(0)75d(0)] K0)75s(0)] 1 10) . (4) 
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Since the disconnected terms do not contribute to the QCSSR, here we present only the connected terms. Then the 
first term can be transformed as 



in terms of the quark propagator S^''{x, y) with the color 
indexes a, 6. One can easily verify that, in Eq. re- 
placing the quark flavor u in the first two terms by d 
yields the last two terms. Since we are working in the 
chiral limit m„ = md = 0, the first two terms and the 
last two terms give the same contribution. Furthermore, 
the second and the third terms have disconnected dia- 
grams only, which leads to the overall factor -\- in 



Eq. Q. 

The correlator n(g2) = i J d'^x e'l-^" {0\TJf,{x)jj^{0)\0) 
can then be calculated within the OPE up to O(tos) and 
0{g^) keeping the operators of dimension up to 10. By 
making use of the quark propagator of Ref . [l9| , the imag- 
inary part of the correlator is obtained as 
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where gc is the strong coupling constant and il>{n) = 

l-fl/2H 1) — 7ei^/[ with the Euler-Mascheroni 

constant 7gM- Here, we have used the factorization hy- 
pothesis in calculating the condensates of the operators 
of dimension higher than 6. The diagrammatic represen- 
tation of each term is shown in Fig. [TJ 

Decomposing the spectral sum, which is generated 
from the dispersion relation of the correlator, into a 
narrow single resonance and the continuum, and apply- 
ing the hadron-quark duality hypothesis with the Borel 
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transform as well, we have the following sum rule, 

- ds^e'^'"'" ImnOPE(,2) = 2/|„m«„e-'"?o/^^^ 
Jo 

(7) 

with the convention (0| J/„ (0)|/o(980)) = y/2ff„m)^. 
Here, Sq and M denote the threshold for the continuum 
and the Borel mass, respectively. The imaginary part of 
the correlator in Eq. (|6]) gives the explicit QCDSR for 
the /o(980) as 
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FIG. 1. Diagrammatic representations of the terms in Eq. ([5]). Upper two lines correspond to the s quark and lower two lines 
to the u quark. The symbol x denotes the strange quark mass rUs. Here only the nonvanishing diagrams are shown. 

where we have used (uu) ~ (dd) in the chiral limit and 

,,2 

E^{M^) = \ ^ ['"ds^e-^"/''" (sT, 

^ ' r(n + l)A/2"+2 7o ^ ^ 

Wn{M') = r(„+i^)M2n+2 £ i'T {-21n(.VA2) + In^ + ^(n + 1) + V^n + 2) + 27em} , (9) 

with WniA'P) = VF„(A/2) - ^En{A'P). 
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QCDSR for the light scalar meson nonet was analyzed by 
assuming the scalar diquark-antidiquark structure. For 
Sg = 1.5 GeV, the contributions from the operators of di- 
mension 6 and 10 are large enough to overcome the neg- 
ative contribution from the dimension 8 operators in the 
Borel region M > 1 GeV. However, as shown in Fig. |3l 
it is difficult to find the Borel window, where the fitted 
mass does not have strong dependence on M. Further- 
more, the fact that the fitted mass is larger than the value 
of the threshold is in contradiction with the basic concept 
of the QCDSR. In addition, the ratio of the pole to con- 
tinuum contributions is found to be very small 0.03), 
which violates one of the main requirements to have a 
reliable QCDSR as discussed in Ref. (2]| . 

We have also tested the sum rule with Sq > 1.5 GeV to 
find that the Borel region of positive L'~'^^{M) becomes 
wider. However, the fitted mass is very high (about 
1.8 GeV for Sq ~ 2.0 GeV, for example) compared to 
the /o(980) mass. These observations lead us to con- 
clude that it is hard to consider the /o(980) as a pure 
KK bound state. We also point out that the possible 
strong deviations of the values of the condensates of di- 
mension 6 and 8 from the factorization hypothesis in the 
level presented in Ref. [2^ does not change our main 




For numerical analysis, we use the standard values and 
relations for nis and the condensates as 

(uu) = -(0.25)^ GeV^ (ss) = fs{uu), 
{glG^) = 0.5 GeV'^, rus = 0.15 GeV, 
igc{ua ■ Gu) = 0.8 GeV^(t2u), 
igc{sa ■ Gs) = fsigdua ■ Gu) (10) 

with /, = 0.8 and A = 0.5 GeV. Since the QCDSR is 
proportional to + /S^, the results are independent of 
the choice on a and /?. 

Defining the right hand side of the sum rule in Eq. 
by L°^^(M), we analyze its behavior as a function of 
the Borel mass M. Shown in Fig. [2] is L'^^^{M) for the 
threshold Sq ~ 1.2 GeV and 1.5 GeV. Here, the dashed, 
dot-dashed, and solid lines correspond to L*-'^^(M) with 
the operators o{ d < 6, d < 8, and d < 10, respectively. 
This shows that the contribution from the operators of 
dimension 8 to the QCDSR is large and negative for both 
cases. For Sq ~ 1.2 GeV, in contradiction with a posi- 
tive definite value of the left hand side of Eq. ([S]), the 
large negative contribution from the operators of dimen- 
sion 8 makes the full i*-'^^(M) have a definite negative 
value in the physical Borel region less than the threshold. 
This is similar to the result found in Ref. [l^ , where the 
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FIG. 2. L°^^ as a function of M for (a) Sq = 1-2 GeV and (b) sq = 1.5 GeV. Dashed and dot-dashed lines are lP^^ obtained 
with the operators of up to dimension 6 and 8, respectively. The solid lines show the full calculation of up to dimension 10. 
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FIG. 3. The fitted mass from the sum rule ([8]) as a function 
of M for sn = 1.5 GeV. 



conclusion. 

In summary, wc have constructed and analyzed the 
QCDSR within the OPE with the operators of < 10 by 
assuming the pure KK structure for the /o(980). Our 



analyses show that there is no value of the threshold 
which guarantees the positivity of L*-*^^ and weak de- 
pendency of the fitted mass for the /o(980) on the Borel 
mass simultaneously. This leads to the conclusion that 
the /o(980) has a very comphcated structure other than a 
pure KK state. Therefore, it would be interesting to in- 
vestigate an admixture of four quark configurations and 
two quark configuration for the internal structure of the 
/o(980). 
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